I
schemic vascular disease remains the leading cause of mortality in the developed world. In clinical trials, aldosterone antagonists, such as spironolactone and eplerenone, improve cardiovascular outcomes and prevent ischemic events in cardiovascular patients. 1, 2 The beneficial effects of aldosterone antagonists on cardiovascular outcomes are much greater than predicted based on their modest blood pressure lowering effects, suggesting a direct role for aldosterone in regulating vascular function. However, the mechanism for the beneficial role of aldosterone antagonists in clinical trials is not well characterized at a molecular level.
Aldosterone acts by binding to the mineralocorticoid receptor (MR), an intracellular steroid hormone receptor that functions as a ligand-activated transcription factor. 3 The mineralocorticoid aldosterone and the glucocorticoid cortisol both bind to human MR with equal affinity. 3 Plasma glucocorticoid concentrations are 100-to 1000-fold higher than those of aldosterone. However, MRs in aldosteroneresponsive tissues are able to respond to aldosterone because these tissues express the enzyme 11-␤-hydroxysteroid dehydrogenase type 2 (11␤HSD2), that converts cortisol to its 11-keto derivatives, which have a low affinity for MR. 4 Aldosterone antagonists act by competitively inhibiting aldosterone binding to MR. 3 Antagonists like spironolactone inhibit binding of both aldosterone and cortisol to MR but are receptor specific because they do not inhibit steroid hormone binding to the glucocorticoid receptor (GR) (Arriza et al 3 and Jaffe IZ, unpublished data, 2004 ). In the kidney, an aldosterone responsive tissue, aldosterone-activated MR stimulates expression of genes involved in sodium and water absorption, thereby maintaining and, in some pathological conditions, elevating blood pressure. 5 Animal studies also suggest a direct effect of aldosterone on vascular function that is independent of renal-mediated blood pressure effects. 6 -8 Recent studies have begun to explore the molecular mechanisms of the direct actions of aldosterone on the cardiovascular system. We and others have demonstrated the expression of functional MRs and 11␤HSD2 in the heart, large arteries, VSMCs, and endothelial cells. 9 -13 In addition, we have recently demonstrated that in human coronary artery SMCs, aldosterone regulates the expression of several genes that have been implicated in vascular calcification including the bone morphogenetic protein-2 (BMP2) and the alkaline phosphatase (ALP) genes. 13 The presence of vascular calcification in humans, as demonstrated by x-ray and, more recently, by electron beam computed tomography (EBCT), predicts the risk of new or recurrent vascular ischemic events and vascular mortality. 14 -17 Thus, both aldosterone excess and vascular calcification are associated with an increased risk of cardiovascular ischemia in humans and our recent expression data in human coronary artery SMCs suggests a possible link between these processes. 13 Vascular calcification, which occurs at sites of atherosclerosis, is a regulated process that resembles the process of osteoblastic differentiation and biomineralization that occurs during bone development (reviewed in 18 -20 ) . This process involves transcription of genes involved in osteoblastic differentiation including the ALP gene. Subpopulations of human and bovine aortic SMCs have been found to spontaneously calcify in vitro. 21 These calcifying vascular cells (CVCs) have been extensively studied as a model of in vitro vascular calcification and have been shown to recapitulate many of the pathways that regulate osteoblastic differentiation in bone and, during this process, to upregulate many of the proteins present in calcified vascular lesions in human atherosclerotic vessels. [21] [22] [23] [24] In vitro calcification of CVCs is regulated by many of the factors involved in bone development and atherosclerosis progression including: steroid hormones, oxidized lipids, bone morphogenetic proteins (specifically BMP2), and inflammatory cytokines (reviewed in 19, 25 
Immunoblotting
Cell lysates were prepared and immunoblotted as described. 13 Three uL of lysate pellet or supernatant from HEK293 cells overexpressing MR or 11␤HSD2 was loaded in the first lane(s) as a positive control followed by lysate from VSMCs and/or bovine kidney as indicated. 
Adenovirus Infection and Luciferase Reporter Assay
CVCs and aortic VSMCs were transduced with an adenoviral MRE-luciferase reporter containing the mouse mammary tumor virus (MMTV) promoter that includes multiple MR response elements (MREs). 13 Indicated concentrations of vehicle, ligand, and/or inhibitor were added for 18 hours. Cells were lysed and luciferase activity was determined in duplicate as described. 13 Each experiment was repeated at least 3 times and is expressed as mean fold activation compared with vehicle control ϩSEM.
Alkaline Phosphatase Assay
CVCs were seeded in 48-well plates at 20 000 cells per well in DMEM supplemented with 15% FBS. One day after seeding, cells were treated with agents in DMEM supplemented with either 10% normal serum or 15% charcoal-stripped serum, as indicated. In Figure 4 , the cells were infected for 3 hours in 0.1% charcoalstripped serum with BMP2 receptor dominant negative (BMP2RDN) virus (HA-Alk6, a generous gift from K. Miyazono and M. Fujii, University of Tokyo, Japan 27 ) or control GFP containing virus. Fresh media with agents were then added every 3 to 4 days. ALP activity from whole cell lysates was assayed in quadruplicate and normalized to total protein (Bradford assay) as described. 26 
Mineralization Assays
CVCs were seeded as described above and treated with agents 1 day after plating in DMEM supplemented with 10% normal serum. At the first and successive media changes, ␤-glycerophosphate (5 mmol/L) was added along with fresh agents. After 8 to 11 days, mineral incorporation was quantified in quadruplicate by the o-cresolphthalein complexone method as described 28 and normalized to total protein (Bradford assay). Von Kossa staining for calcium mineral was performed as described. 29 
Statistical Analysis
Each experiment was repeated at least 3 times, and data are expressed as meanϮSD (unless otherwise indicated). Means were compared using one-way ANOVA, with between group comparisons by Student-Newman-Keuls method (Figures 1, 2, and 4) or Fisher protected least significant difference test (Figures 3 and 5) . A value of PϽ0.05 was considered significant.
Results

CVCs Express Functional Mineralocorticoid Receptors
CVCs are a subset of primary bovine aortic smooth muscle cells that form nodules and incorporate calcium mineral in their extracellular matrix. 29 To use this in vitro model to investigate the role of aldosterone in the process of VSMC calcification, we began by exploring whether CVCs express mineralocorticoid receptors (MR). Immunoblotting with MRspecific antibody demonstrated the presence of MR protein in cell lysates from CVCs ( Figure 1A ), predominantly in the soluble fractions, as previously described in human coronary SMCs. 13 CVCs expressed amounts of MR similar to that in human coronary and aortic SMCs in culture ( Figure 1A , lanes 3 versus 5 and 7). Next, we tested the functional activity of CVC MRs. CVCs were infected with a MRE-containing adenovirus promoter-reporter construct and treated with hormones. CVC MRs mediated ligand-dependent transcriptional activation in response to aldosterone that was completely inhibited by the MR antagonist spironolactone ( Figure 1B 
11␤HSD2 Expression and Corticosteroid Responsiveness of MR in CVCs
Next, the presence of the cortisol-inactivating enzyme 11␤HSD2 was explored in CVCs. In Figure 2A , immunoblot with 11␤HSD2 antibody demonstrated that CVCs express a small amount of 11␤HSD2 enzyme (lanes 5 and 6), less than in aortic SMCs (lanes 7 and 8). Positive controls demonstrate that the polyclonal antibody recognizes both human 11␤HSD2 (overexpressed in 293 cells, lanes 1 and 2) and bovine 11␤HSD2 (bovine kidney, lanes 3 and 4). Consistent with the low expression level in CVCs, cortisol-induced luciferase activity from the MRE-containing reporter virus was not further enhanced by glycerrhetinic acid (GA), an inhibitor of 11␤HSD2 ( Figure 2B ). The same concentration of GA (10 mol/L) simultaneously inhibited 11␤HSD2 activity in other vascular cells (data not shown). This suggested that MRs in CVCs may be more sensitive to activation by cortisol. This hypothesis was confirmed using 10 nmol/L cortisol in the adenoviral promoter-reporter assay resulting in 10-fold greater reporter activity in CVCs (65-fold) compared with aortic SMCs (6.4-fold; Figure 2C ). This effect was virtually abolished by cotreatment with spironolactone suggesting that it is mediated almost entirely by MR in these cells, not GR. From Figure 1 and 2 we conclude that CVCs contain MRs that function as transcriptional regulators that can be activated by both aldosterone and cortisol. In the remaining experiments, we chose to use aldosterone, a MR specific agonist.
Aldosterone Stimulates Alkaline Phosphatase Activity in a MR-Dependent Manner
The effect of aldosterone on alkaline phosphatase (ALP) activity, an early marker of osteoblastic differentiation, was next tested. After 7 days of aldosterone treatment of CVCs in normal serum, ALP activity in CVCs was slightly but significantly enhanced, and this effect was blocked by the MR antagonist spironolactone (Figure 3, left) . Spironolactone treatment also attenuated basal ALP activity, supporting that basal mineralocorticoid activity exists in CVCs cultured in serum. To remove potential effects of endogenous aldosterone and other MR ligands on ALP activity, these experiments were repeated using media supplemented with charcoal-stripped serum. In the stripped serum, aldosterone treatment enhanced ALP activity 3-fold, and simultaneous treatment with spironolactone prevented the aldosterone-induced increase in ALP activity (Figure 3, right) . These data support that normal, unstripped serum contains MR agonists that activate ALP activity in CVCs, and that enhancement of ALP activity by aldosterone in this assay is mediated by the MR. Time course experiments also demonstrated that ALP activation by aldosterone was significantly increased at 7 days and the activation persisted through 17 days of aldosterone treatment (data not shown). At each time point tested, the effect was inhibited by spironolactone (data not shown) confirming that this is a MR-mediated effect. 
Aldosterone Stimulation of Alkaline Phosphatase Activity Is Independent of BMP2 Signaling
Our previous gene profile data from human coronary artery SMCs revealed that expression of both the ALP and the BMP2 genes was upregulated by aldosterone. 13 Quantitative RT-PCR time course experiments revealed that BMP2 expression was upregulated rapidly (3-fold after 1 hour of aldosterone treatment, back to basal expression levels by 4 hours) whereas aldosterone-stimulated ALP gene expression began later (no change at 1 or 4 hours and a 2-fold increase after 24 hours) (Jaffe and Mendelsohn 13 and data not shown), suggesting a possible cascade effect. Thus, we next tested the hypothesis that the BMP2 signaling may mediate aldosterone activation of ALP activity in CVCs. BMP2 activates ALP gene expression by binding to the Alk6 type-I BMP receptor resulting in phosphorylation of SMAD transcription factors that stimulate osteogenic gene expression. 30 We infected CVCs with a virus containing a dominant negative (DN, kinase-inactivated) Alk6 BMP2 receptor (BMP2RDN). Immunoblotting of infected CVC lysates with an antibody to the tagged DN receptor demonstrated a high level of expression at 24 hours that persisted for 7 days (data not shown). After 7 days of treatment with aldosterone, stimulation of ALP activity in these cells was compared with cells infected with GFP containing control virus. The BMP2RDN virus significantly inhibited basal ALP activity consistent with inhibition of Alk6 BMP receptors in infected cells (Figure 4 , compare bars 1 and 3). Addition of aldosterone resulted in a similar increase in ALP activity in BMP2RDN-expressing cells compared with control virus cells suggesting that this pathway is not necessary for aldosterone-stimulated osteoblastic differentiation. From Figure 3 and 4, we concluded that aldosterone stimulates ALP activity in CVCs by activating endogenous MRs via a mechanism that is independent of the BMP2 osteogenic pathway.
Aldosterone Stimulates Vascular Cell Mineralization by MR Activation
To explore whether aldosterone influences VSMC mineralization, CVCs were treated with aldosterone for 10 days in the presence of ␤-glycerophosphate and mineralization was assessed by the o-cresolphthalein complexone method. 28 Aldosterone enhanced CVC mineralization in a dosedependent manner ( Figure 5A ) beginning at 10 nmol/L. This threshold concentration of aldosterone is consistent with those reported previously to activate MR-mediated gene transcription in VSMCs in culture 13 and with aldosterone levels measured in patients with congestive heart failure or coronary artery disease. 31, 32 Aldosterone-stimulated CVC mineralization was inhibited by cotreatment with spironolactone as measured by 2 independent methods ( Figure 5B and 5C) supporting that mineralization attributable to aldosterone is mediated by MR activation. In addition, basal levels of mineralization were significantly inhibited by spironolactone alone ( Figure 5B and 5C), supporting that basal activation of mineralization in the presence of serum derives at least in part from MR ligands in normal serum. As they calcify, CVCs aggregate into nodules that consist of cells and extracellular matrix. 33 In Figure 5C , aldosterone appears to increase nodule formation (arrow). When quantified, aldosterone significantly increased CVC nodule formation by 20% to 30% above controls after 18 days of treatment, and this effect was reversed by simultaneous treatment with spironolactone (data not shown). In addition, when CVCs were pretreated with noggin, an exogenous BMP2 inhibitor, at concentrations previously demonstrated to inhibit BMP2 signaling in CVCs, 34 aldosterone still significantly stimulated CVC mineralization (data not shown). Thus, aldosterone stimulates osteogenic differentiation and mineralization of vascular cells in a MR-dependent manner through a pathway that is independent of BMP2 signaling.
Discussion
Vascular calcification and mineralocorticoid receptor activation are two processes that have been independently associ- ated with atherosclerotic vascular disease in humans and predict the occurrence of ischemic events and cardiovascular mortality. 1,2,14 -17 We have recently demonstrated that human coronary SMCs express functional MRs and, in response to aldosterone, express genes known to be involved in vascular calcification 13 suggesting a potential mechanistic link between these two clinically relevant processes. Here we use calcifying vascular cells, a subset of pericyte-like primary bovine aortic SMCs that spontaneously develop an osteogenic phenotype, 22 to explore the role of MR activation in the process of in vitro vascular calcification. We report for the first time that aldosterone stimulates osteogenic differentiation and calcification of CVCs, effects abolished in the presence of the MR antagonist spironolactone.
Using immunoblotting and adenoviral promoter-reporter assays, we demonstrate that CVCs express MRs capable of ligand-dependent transcriptional activation. Compared with our previous data in human coronary SMCs 13 and new data in human aortic SMCs, CVCs required higher aldosterone levels for transactivation. Recent data suggests that vascular cells may synthesize aldosterone 11 and hence local concentrations of aldosterone in vivo may be much higher than those measured in serum and may be able to activate CVCs. Alternatively, we demonstrate that CVCs express only small amounts of 11␤HSD2 consistent with the demonstrated exquisite sensitivity of CVC MRs to activation by cortisol that is unaltered by 11␤HSD2 inhibition. Thus, at physiological circulating concentrations of hormones, the in vivo ligand for MR in the subset of osteogenic vascular cells is likely cortisol rather than aldosterone. Others have shown that in SMCs cultured from human atherosclerotic lesions, MR expression is maintained while 11␤HSD2 and GR levels are decreased. 35 These data suggest that in diseased vessels, MR may be activated by cortisol. Although cortisol can also bind GR, spironolactone inhibition of transactivation confirms that in CVCs, cortisol activates transcription by binding to MR. Our findings with cortisol are in agreement with previous reports demonstrating that the corticosteroid dexamethasone stimulates CVC differentiation; 23, 36 however, the potential role of the MR in mediating this process has not been previously appreciated and remains to be tested in future experiments.
Alkaline phosphatase activity is an early marker of osteoblastic differentiation. We demonstrate that in CVCs, aldosterone increases ALP activity in a MR-dependent manner. The effect of aldosterone on ALP activity is more pronounced when charcoal stripped media is used to remove endogenous steroid ligands and is consistent with the inhibition of basal ALP activity that we see with spironolactone in complete serum. These data support an activating effect of endogenous MR ligands in normal, unstripped serum. Thus, aldosterone, via MR activation, promotes osteoblastic differentiation of VSMCs in vitro and the level of MR ligands present in normal serum is sufficient to promote this process.
Our gene profiling data in human coronary artery SMCs demonstrated aldosterone upregulation of ALP gene expression at 24 hours consistent with direct MR binding to the ALP promoter or indirect activation through rapid induction of BMP2. 13 BMP2 expression is elevated at sites of calcific arteriopathy, 37 and it functions as a regulator of early stages of vascular calcification. 29 Hence we considered the possibility that aldosterone-stimulated BMP expression regulates ALP activity in CVCs. However, we found that inhibition of BMP2 signaling with a dominant negative BMP2 receptor did not abolish aldosterone-stimulated ALP activity suggesting that MR stimulates ALP activity by a BMP2-independent mechanism. Future study is warranted to investigate the mechanism by which aldosterone and MR regulate the ALP promoter in vascular cells. We have also demonstrated that aldosterone promotes nodule formation and mineralization of CVCs in culture. Animal models suggest that aldosterone may play a role in VSMC proliferation and migration, 6, 38 and the role of these processes in nodule formation and subsequent mineralization remains to be investigated. Treatment of CVCs with noggin to inhibit BMP2 binding to its receptor did not inhibit aldosterone-stimulated mineralization. However, spironolactone treatment prevented aldosterone-stimulated mineralization, thus it is clear that this process is mediated by MR activation in these cells. Whether vascular calcification is simply a marker of vascular disease or plays a direct role in atherosclerotic plaque stability and risk of plaque rupture is not known. Clinical studies using intravascular ultrasound (IVUS) demonstrate that the extent and pattern of vascular calcification differs in patients with acute plaque rupture versus chronic stable angina, 39, 40 suggesting a direct role for vascular calcification in acute coronary events. Because aldosterone, in animal models and human pathological conditions, stimulates atherosclerosis and cardiovascular ischemic events, it will be important to determine whether aldosterone-induced changes in SMC architecture (nodule formation) and mineralization in vivo result in altered atherosclerotic plaque stability. This may begin to elucidate the molecular mechanisms by which aldosterone antagonists prevent cardiac ischemic events in human clinical trials.
In summary, aldosterone promotes osteoblastic differentiation and mineralization of calcifying vascular cells in a MR-dependent manner that is independent of BMP2 signaling. MR in calcifying VSMCs is particularly sensitive to activation by glucocorticoids. These observations suggest that one of the clinical effects of MR antagonists in humans may be inhibition of glucocorticoid-activated, MR-mediated, vascular calcification. This is particularly important in patients treated with chronic high dose corticosteroids for inflammatory diseases such as lupus and rheumatoid arthritis (RA). These patients demonstrate accelerated atherosclerosis and increased coronary artery calcification. 41, 42 The extent of atherosclerosis and medial arterial calcification in these patients correlates with glucocorticoid exposure independent of traditional cardiac risk factors, measures of inflammation, and inflammatory disease severity. [41] [42] [43] Because cardiovascular disease remains the leading cause of death in this patient population, it would be important to test the potential role of MR antagonists in preventing adverse cardiovascular outcomes in these patients.
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